Effect of irrigation amounts applied with subsurface drip irrigation on corn evapotranspiration, yield, water use efficiency, and dry matter production in a semiarid climate sharply with irrigation. Irrigation significantly affected dry matter production and partitioning into the different plant components (grain, cob, and stover). On average, the grain accounted for the majority of the above-ground plant dry mass (%59%), followed by the stover (%33%) and the cob (%8%). The dry mass of the plant and that of each plant component tended to increase with seasonal ETc. The good relationships obtained in the study between crop performance indicators and seasonal ETc demonstrate that accurate estimates of ETc on a daily and seasonal basis can be valuable for making tactical in-season irrigation management decisions and for strategic irrigation planning and management.
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Introduction
Irrigation water supplies are decreasing in many areas of the US Great Plains due to extended drought periods, decline in groundwater levels, litigation among states related to surface water allocations, and diversion of water from irrigation to environmental and municipal uses (McGuire, 2004; McGuire and Fischer, 1999; Lingle and Franti, 1998) . Water shortages have heightened the importance of water in agricultural production in the area and have triggered recent regulations affecting irrigation water use. Such regulations include installation of water meters on pumping stations, moratoriums on drilling new wells, and limitations in groundwater pumping to fixed multi-year water allocations. Under these conditions, it is important to know how much yield can be expected from a given water allocation for each alternative crop, which is especially important for field corn (Zea mays L.), the most important irrigated crop in the region.
In the semiarid environment of west central Nebraska, water allocations that result in crop water stress can have a significant impact on corn growth, development, and yield. Knowing how much yield can be expected from a given water allocation, however, is complicated by the fact that corn yield is affected not only by the amount of seasonal irrigation, but also by irrigation timing. Also, yield is affected by other sources of water available to the crop in addition to irrigation. These sources include water stored in the soil profile at crop emergence and effective rainfall occurring during the growing season. Many researchers have shown how corn grain yield can be affected by irrigation timing (Jurgens et al., 1978; NeSmith and Ritchie, 1992; Bryant et al., 1992; Jama and Ottman, 1993) . Most of these studies show that corn yield is most affected by water stress when it occurs during the reproductive stages (tasselling, silking, pollination, or grain filling). In Nebraska, the reproductive growth stages coincide with the period of peak crop evapotranspitation (ETc) requirement, making stress during these stages even more significant.
Other studies have linked yields reduction to a reduction in ETc or transpiration, and some researchers have developed different yield versus ETc relationships for different growth stages (Jensen, 1968; Hanks, 1974; Nairizi and Rydzewski, 1977; Barrett and Skogerboe, 1978; Doorenbos and Kassam, 1979; Gilley et al., 1980; Schneekloth et al., 1991; Klocke et al., 2004) . Payero et al. (2006b) , however, showed that the reported yield versus ETc relationships for corn are not consistent and vary with location, which is likely due to differences in rainfall pattern, soil and crop characteristics, management practices, and weather conditions. In Nebraska, research on irrigation has previously focused on sprinkler and surface systems (Gilley et al., 1980; Schneekloth et al., 1991; Hergert et al., 1993; Klocke et al., 2004; Payero et al., 2005 Payero et al., , 2006a Schneekloth et al., 2006) . However, due to the current and expected limited water supplies, interest in subsurface drip irrigation (SDI) systems to irrigate row crops in Nebraska is growing. Although studies with SDI-irrigated corn have been conducted in other states (Ayars et al., 1999; Camp, 1998; Caldwell et al., 1994; Howell et al., 1997; Lamm et al., 1995; Lamm and Trooien, 2003) , local information on the response of corn growth, yield and other crop-water dynamics with SDI is very limited. The agronomic response of the crop to irrigation with SDI is needed to be able to evaluate the economic and technical feasibility of using SDI under local conditions and provide scientifically based practical information to the users on best management practices for SDI-irrigated corn. The objective of this study was to evaluate how different seasonal irrigation depths applied with SDI affected the soil water balance, seasonal evapotranspiration, yield, water use efficiency, and dry matter production of corn in the semiarid climate of west central Nebraska.
2.
Materials and methods T1  T2  T3  T4  T5  T6  T7  T8   2005  July  53  61  87  87  107  104  105  106  August  0  15  15  66  114  150  188  225  September  0  0  0  0  0  0  13  25   Total  53  76  102  153  221  254  306  356   2006  June  8  4  8  8  8  8  8  8  July  13  62  89  121  124  120  123  176  August  0  0  0  0  39  46  65  41  September  0  0  0  0  13  0  1  0   Total  22  66  97  130  184  173  197  226 a g r i c u l t u r a l w a t e r m a n a g e m e n t x x x ( 2 0 0 8 ) x x x -x x x
Site description
On average, about 80% of the annual precipitation occurs during the growing season, which extends from late-April to mid-October (USDA, 1978 
Experimental design
The field experiment was conducted using a randomized complete block design with eight irrigation treatments (T1-T8) and four replications. Each treatment received a seasonal irrigation allocation, which ranged from 53 to 356 mm in 2005 and from 22 to 226 mm in 2006 ( Table 1 ). The aim was to develop well-defined crop response functions to irrigation, ranging from near dryland to over-irrigated conditions. A dryland treatment was not included because some irrigation water was needed to apply nitrogen fertilizer. Irrigations were scheduled to avoid or minimize water stress and deep percolation. The target was to keep the percent soil water depletion in the crop root zone below 50% of the total available soil water for as much of the season as possible. Another target was to maintain a soil water depletion of at least 50 mm to store potential rainfall and avoid deep percolation, which was especially important for treatments receiving and excessive allocation. For treatments with a deficient allocation to meet irrigation requirements for the entire season, the strategy was to minimize stress during the peak ETc period (in July), allowing stress later in the season. Once irrigation started, all treatments were irrigated at the same time until the allocation for a given treatment ran out. Irrigations were usually applied two to three times a week. Nitrogen (N) was applied with the starter fertilizer and by fertigating through the SDI system during the growing season. The N application rate was based on soil analysis. ) was applied using a 18-cm T-band in front of the press wheel at planting time. Target insects were the Corn Rootworm Beetle (Diabrotica virgifera LeConte) and the European Corn Borer (Ostrinia nubilalis (Hü bner)). These applications prevented negative effects of weeds and insects on corn growth.
Yield and dry matter measurements
The center three rows (37 m) of each plot were harvested in early November using a plot combine with a three-row corn head. The combine had a Harvest Data System (model HM-400, Juniper Systems Inc. Logan, Utah), which measured the total mass, water content, and ''test weight'' of the harvested grain. The grain yield per plot was calculated both in a ''dry-mass basis'' (0% water content) and in a ''wet-mass basis'' (standard water content of 15.5%). Eight plants from each plot were also hand-harvested to determine dry matter production and its partitioning into the different plant components (grain, stover, and cob). Plants were cut at ground level and the ears were separated from the stover. The stover samples were weighted, chopped using a tractor-operated plant chopper, and a sub-sample was collected from each plot and weighted. The sub-samples were oven-dried at 70 8C until they reached a constant mass (7 days) and their masses were recorded. The ear samples were placed in a greenhouse to air-dry to a moisture content of approximately 15-16%, and then weighted and shelled by hand. Grain and cob samples were taken, oven-dried at 70 8C until they reached a constant mass (7 days), and weighted.
From this information, the average dry mass per plant and the dry mass and percent of total plant dry mass of the grain, cob, and stover were calculated for each plot.
Soil water balance and crop evapotranspiration
Daily soil water balance and crop evapotranspiration (ETc) were estimated with a computer program that was written in Microsoft Visual Basic 1 . The inputs to the program were daily weather data, including rainfall, irrigation date and amounts, initial water content in the soil profile at crop emergence, and crop-and site-specific information such as planting date, maturity date, soil parameters, maximum rooting depth, etc. Similar daily soil water balance models have previously been used by Robinson and Hubbard (1990) , Swan et al. (1990) , and Bryant et al. (1992) . The computer program calculated daily ETc and the water balance in the crop root zone using the procedure described in FAO-56 (Allen et al., 1998) . Readers are referred to the original sources for additional details. This procedure obtains ETc as the product of the evapotranspiration of a grassreference crop (ET o ) and a crop coefficient (K c ). ET o is calculated using the weather data as input to the Penman-Monteith equation and the K c is used to adjust the estimated ET o for the reference crop to that of other crops at different growth stages and growing environments. In this study, the dual K c approach was used, which separates the two components of ETc, namely evaporation (E) and transpiration (T). For corn, this procedure linearly reduces ETc when the soil water depletion in the crop root zone exceeds 55% (taken from Table 22 in FAO-56) of total available water. Reducing the ETc rate when the crop is under water stress is consistent with the findings of Stewart (1984, 1985) , and Gavloski et al. (1992) . The dual K c procedure also accounts for the sharp increases in E due to a wet soil surface following rain or irrigation events. This procedure, therefore, permitted calculation of daily ETc under water-limiting conditions, and when soil water was not limiting (ETp). From the seasonal ETc and ETp values, the ETc/ETp ratio was calculated for each treatment. Weather data were obtained from an automatic weather station located within 1.5 km from the research site. This weather station was part of the High Plains Regional Climate Center (HPRCC) weather network. Daily weather data were downloaded from the HPRCC web site (http:// www.hprcc.unl.edu/home.html), including daily maximum and minimum air temperature, relative humidity, wind speed, rainfall, solar radiation, reference and crop ET for different crops, including corn. Rainfall data were also collected manually from rain gauges installed at each of the four corners of the field.
The performance of the computer model was evaluated by comparing its soil water content outputs with values measured using the neutron probe method (Evett and Steiner, 1995 
where Y = yield (g m À2 ), ETc = seasonal crop evapotranspiration (mm), I = seasonal irrigation (mm).
Statistical analyses
Analysis of variance (ANOVA) and separation of means were conducted using the GenStat . The root mean square error (RMSE) was used to evaluate the performance of the soil water balance model. The RMSE was calculated as
where n = number of observations, SW m = measured soil water (m 3 m
À3
), and SW e = estimated soil water (m 3 m À3 ). That additional rain in September, however, occurred too late in the growing season to have a significant impact on crop growth and yield, considering that by 1 September 2006 the corn had already entered the R5 growth stage (dent) (Hoeft et al., 2000) . During both seasons, rain in July was considerably below normal. This is significant because July had the peak ETr (Fig. 2) , and the corn had progressed to the reproductive growth stages. The R1 growth stage (silking) started on 18 July and 11 July in 2005 and 2006, respectively.
Initial soil water
In 2005, all treatments started with the same soil water profile, since there was abundant rain in May and irrigation treatments were not applied in the experimental plots in 2004. Gravimetric soil sampling in early June (Fig. 3) showed a near uniform soil water content in the top 1 m of soil profile, although later measurements showed considerable water depletion deeper in the soil profile. In 2006, however, due to little rain in May and to the irrigation treatments applied in 2005, there were considerable differences in the initial soil water profiles among treatments (Fig. 3) . The treatments that were deficit irrigated in 2005 started the 2006 season with little soil water, especially deep in the profile.
Performance of the soil water balance model
The computer model provided very good estimates of average soil water in the crop root zone compared with neutron probe measurements during both seasons (Fig. 4) . T max = maximum air temperature, T min = minimum air temperature, T avg = average air temperature, u 2 = wind speed at 2 m height, Rs = solar radiation, RH = relative humidity, VPD = vapour pressure deficit, only data from corn emergence to maturity were included.
a g r i c u l t u r a l w a t e r m a n a g e m e n t x x x ( 2 0 0 8 ) x x x -x x x 3.4.
Effect of irrigation on evapotranspiration
The potential corn evapotranspiration (ETp) (ETp = ETc with no water stress) from emergence to the R6 growth stage (physiological maturity or ''black-layer'') was practically the same during both seasons, calculated at 663 mm. The cumulative ETp was linearly related (except early in the season) to the Fraction of Season 1 (Fs) (Fig. 5 ). Both seasons, The cumulative crop evapotranspiration (ETc) for each treatment and the cumulative ETp are shown in Fig. 7 . During both seasons, some of the treatments suffered from water stress, although water supplies were adequate for all treatments early in the season. In 2005, stress for the driest treatment started in mid August. In 2006, however, stress for the driest treatment occurred about a month earlier (in mid July). Stress created differences in seasonal ETc among 1 Fraction of Season is the ratio of cumulative growing degree days (CGDD) from crop emergence to required CGDD from crop emergence to maturity. a g r i c u l t u r a l w a t e r m a n a g e m e n t x x x ( 2 0 0 8 ) 
Effect of irrigation on yield and water use efficiencies
Yield, water use efficiency (WUE), and irrigation water use efficiency (IWUE) for the different treatments are shown in Table 4 , both in ''dry-mass basis'' and ''wet-mass basis''. Irrigation significantly affected yields during both years. Relationships relating yield to seasonal irrigation, ETc, ETc/ ETp are shown in Fig. 8A -C. It also shows the relative yield decrease with respect to the relative evapotranspiration deficit (Fig. 8D) as proposed by Doorenbos and Kassam (1979) . During both seasons, yields tended to increase with irrigation up to the point where irrigation became excessive (Fig. 8A) . Although not quantified, excessive irrigation most likely reduced the amount of oxygen in the crop root zone and increased the likelihood of nitrogen leaching, making less of it available for crop uptake. During both seasons yields peaked a g r i c u l t u r a l w a t e r m a n a g e m e n t x x x ( 2 0 0 8 ) (Fig. 8B ) and to seasonal ETc/ETp (Fig. 8C) , and the relationships practically followed the same line during both seasons.
Good linear relationships between relative evapotranspiration deficit and relative yield decrease were observed in 2006 and combining data from the two seasons (2005) (2006) (Fig. 8D) . In 2005 the relation was poor probably due to the limited stress observed that year. The slope of the line in Fig. 8D represents the yield response factors (ky) as proposed by Doorenbos and Kassam (1979) . The ky = 1.58 was higher than the 1.25 value reported by Doorenbos and Kassam (1979) for stress during the total growing period, but close to the 1.50 value reported for stress during the reproductive stages.
WUE values varied considerably with irrigation treatment, especially during the drier 2006 season (Table 4) Fig. 9 shows that WUE increased non-linearly with seasonal ETc and with yield, when combining data from both seasons. Both of these relationships are determined by the observed linear relationship between yield and ETc (Fig. 8B) . If the relationship between yield and ETc is linear (yield = slope Â ETc À intercept), then for WUE = 0, ETc = (intercept/slope), and yield = 0. The curvilinear function results from the fact that the intercept 6 ¼ 0. Fig. 10 shows IWUE and WUE as functions of irrigation. IWUE sharply decreased with irrigation, with similar tendencies observed during both seasons. The decreasing tendency of IWUI with irrigation is expected in areas where the dryland yield (yield with no irrigation) is positive. However, in situations when no dryland yield can be obtained without irrigation, IWUE would be expected to increase with irrigation, and in situations when the dryland yield is exactly zero (a rare a g r i c u l t u r a l w a t e r m a n a g e m e n t x x x ( 2 0 0 8 ) x x x -x x x a g r i c u l t u r a l w a t e r m a n a g e m e n t x x x ( 2 0 0 8 ) x x x -x x x coincidence), IWUE would be constant with irrigation, assuming no over-irrigation. (Fig. 8A) . These results show that IWUE and WUE had an opposite behavior with irrigation. Some researchers and the general public often refer to ''increasing water use efficiency'' in general terms as a desirable objective. In some cases they are referring to WUE and in others to IWUE or other measures of water use efficiency such as yield/(total water) (total water = rain + irrigation + soil water). These results show that these terms should not be interchanged and care should be taken to define exactly what it is that they want to increase. The feasibility of increasing either the WUE or IWUE is a decision that needs to be based not only on the biophysical response of the crop but also on economic factors. Often the objective of producers is not to increase yields but to increase profits. If water is the factor limiting production, increasing IWUE (which means decreasing WUE) could be desirable. In instances where water is not the limiting factor, irrigation to produce maximum yield, which will tend to increase WUE but to decrease IWUE could be the most profitable option. Determining the level of irrigation needed to optimize profits can be complex and depends on both biophysical and economic factors (English et al., 2002; Martin et al., 1989; Norton et al., 2000) .
Effect of irrigation on dry matter production
The dry matter productions for the entire corn plant and for the different plant components (grain, cob, and stover) obtained during the two seasons are shown in Table 5 . Data Yields to determine WUE and IWUE were calculated in a dry-mass basis (0% grain water content).
a g r i c u l t u r a l w a t e r m a n a g e m e n t x x x ( 2 0 0 8 ) x x x -x x x
Fig. 11 -Relationships between corn seasonal evapotranspiration (ETc) and the dry mass of the plant, grain, cob, and stover obtained with different irrigation treatments during 2005 and 2006 at North Platte, NE. Differences in dry mass of plant, grain and cob among treatments were statistically significant at the 5% significance level for both seasons, while those of the stover were not. Means with the same letters within a season were not significantly different at the 5% significance level.
a g r i c u l t u r a l w a t e r m a n a g e m e n t x x x ( 2 0 0 8 ) x x x -x x x are presented as dry mass per plant and as a percentage of total plant dry mass (%Grain, %Cob, and %Stover). On average for all treatments, dry matter production (dry mass) for the plant and for each of the plant components was higher in 2005 than in 2006. In a percentage basis, however, the %Grain was higher, while the %Cob and %Stover were lower in 2006. In 2005, irrigation treatments significantly affected all dry matter variables, except for the dry mass of the cob and the stover. In 2006, all variables were significantly affected by irrigation treatments, except for the dry mass of the stover and the %Cob. Combining data for both seasons, crop yield (dry-mass basis, g m 
A linear relationship for corn was also reported by Howell et al. (1997) . This is not surprising because on average for both seasons, the grain accounted for about 59% of the plant dry mass, the stover for about 33%, and the cob for about 8%. The proportion of grain dry mass to total above-ground plant dry mass is usually known as the harvest index (HI), which is a value commonly used in crop modeling (Stockle and Campbell, 1985; Bryant et al., 1992) . Stockle and Campbell (1985) indicated that the HI was a function of crop water stress and estimated it using empirical linear functions of a stress coefficient. Similarly, Bryant et al. (1992) estimated the HI by multiplying the ETc/ETp ratio by a potential HI values. They assumed a potential HI value for corn of 0.50 (50%), which was much lower than the values obtained in this study. Traore et al. (2000) found that HI was affected by water stress only when the stress occurred at anthesis. Under nonstress conditions they obtained HI values as high as 0.59 (59%), which were similar to the values obtained in this study for the fully irrigated treatments. The maximum HI obtained in this study was approximately 0.62 (61.77% for treatment T8 in 2006). For plants stressed at or after tasseling, however, they obtained HI values as low as 0.28 (28%).
The relationships between corn dry matter production and seasonal ETc, in terms of dry mass and in a percentage basis, are shown in Figs. 11 and 12 , respectively. The dry mass of the whole plant and for each of its components increased with seasonal ETc during both seasons, although better relationships were obtained in 2006 due to the wider range in seasonal ETc among treatments. In a percentage basis, %Grain was poorly related to seasonal ETc in 2005, but a very good 
Conclusions
This study evaluated the effect of different seasonal irrigation depths on corn evapotranspiration, yield, water use efficiency, and dry matter production in the and ETc/ETp (R 2 = 0.87), with similar relationships observed both seasons. The average yield response factor (ky) (Doorenbos and Kassam, 1979) , which indicates the effect of water stress on reducing crop yield, averaged 1.58 over the 2 years. This value was higher than the 1.25 value reported by Doorenbos and Kassam (1979) for stress during the total growing period, but close to the 1.50 value reported for stress during the reproductive stages. Combining the data for both seasons, WUE increased nonlinearly with seasonal ETc and with yield. IWUE sharply decreased with increasing irrigation amount, with similar trends observed during both seasons, while WUE tended to increase as irrigation amount increased.
On average for all treatments, the dry mass for the plant and for each of the plant components (grain, cob, and stover) was higher in 2005 than in 2006. In a percentage basis, however, the %Grain was higher, while the %Cob and %Stover were lower in 2006. In 2005, irrigation treatments significantly affected all dry matter variables, except for the dry mass of the cob and the stover. In 2006, all variables were significantly affected by irrigation treatments, except for the dry mass of the stover and the %Cob. The grain accounted for the majority of the above-ground plant dry mass (%59%), followed by the stover (%33%) and the cob (%8%). The good relationships obtained in the study between seasonal ETc and crop performance indicators (such as yield, WUE, IWUE, and dry matter) demonstrate that accurate estimates of ETc in a daily and seasonal basis can be valuable for making tactical in-crop irrigation management decisions and for long-term and pre-season strategic irrigation planning.
